I. INTRODUCTION The measurement of spectral line shapes and collisional broadening cross sections has wide application in many areas including astrophysics, plasma and atomic physics, and gaseous electronics. The collisional broadening cross sections and the related line shapes are essential for describing radiation transport in such diverse systems as stellar atmospheres, laser-produced plasmas, the weakly ionized gas discharges found in gas lasers and Quorescent lamps, and ultranarrow-band atomic filters. In a more fundamental role, these cross sections aid in understanding the interaction potentials between colliding atoms. Several excellent reviews summarize both the experimental and theoretical status of collisional broadening and line-shape measurements as well as give specific values for many of the radiative transitions that have been measured to date [1 -3] .
Our need for accurate, collisional broadening cross sections was driven by an investigation into the use of resonant transitions in atomic vapors to compress frequencychirped laser pulses [4] [5] [6] [7] [8] . In such a scheme the wings of an atomic resonance can easily provide tens of nanoseconds of group velocity dispersion, allowing atomic vapors to be applied to compressing pulses that are too long ( &2 ns) for grating and prism techniques [9, 10] .
Using atomic vapors for pulse compression, a highaverage-power pulse laser, such as a copper-vapor-laser (CVL) pumped dye laser that produces a 50 ns pulse, might be converted to a system with greatly enhanced peak power, expanding its potential use into areas such as x-ray lithography, high-order harmonic and incoherent, soft-x-ray generation.
However, for this process to be practical, the absorption loss must be kept to a minimum, otherwise the intensity enhancement realized by the tempora1 compression is quickly 1ost due to attenuation. To minimize loss the laser pulse propagates at a frequency offset that is outside of the strongly absorbing Doppler core in the Lorentzian wing of the transition. Here, the amount of absorption for a specified amount of group velocity dispersion is directly proportional to the Lorentzian linewidth, Eve .
In this paper we describe our measurements of hvt on the 4s 'So -+4s4p P& k'=ko(n -1) = roNfg "-(v), 2 '
(la) (lb) In Eqs. (1) g'(v) =- Fig. 3(a) is meaningless because the laser probes propagating through the vapor were completely absorbed as shown in Fig. 3(b) and therefore the signal input to the vector voltmeter was zero.
We measured the group delay and vapor transmission at two frequencies vI and vz, in the Lorentzian wing of the atomic transition (see Fig. 3 ). By measuring these quantities differentially we avoid several problems associated with an absolute measurement, and we simplify the determination of the vapor density [13] (8) and the vapor density as described in Ref. [13] . For comparison we calculated the vapor density from the temperature using a polynomial fit to the vapor pressure curves [15] . All 
III. RESULTS
In a typical experiment we operated the vapor cell at a constant temperature and varied the buffer-gas pressure from a value slightly above the metal vapor pressure to about 100 torr, taking several data points at pressures spanning these two limits. Figure 4 shows 
k, = (10) and intercept, [17] . Rohe-Hansen and Helbig [18) . ' Khan and Al-Knlaili [19] . The error bars given in Table I represent the purely statistical errors calculated from the linear-least-squares ffts described in the previous paragraphs. In addition several experimental errors are worth discussing. In a previous work [13] we analyzed sources of noise and error in the group delay diagnostic and estimated that the combined instrumental error was about 2%. The instrumental error in the opacity measurement is comparable; therefore we estimate that the total instrumental error in measuring hvL via Eq. (8) is 2%%uo. This low value for the instrumental error is due primarily to the differential nature of the measurement, i.e. , an absolute measurement of either opacity or group delay is more difficult and therefore would produce a larger error. The remaining sources of error arise from our determination of the cross section based upon the simple impact model represented by Eq. (6) . In our measurements we have ignored the frequency shift of the transition and treated only the linebroadening efFect of the collisions. For our operating range the largest collisional linewidth that we measured was 300 Mhz. For a purely van der Waals interaction between colliding atoms, the corresponding frequency shift is 107 MHz (i.e. , the ratio of the linewidth to the frequency shift is -2.8 for a van der Waals interaction [20] ).
However, we make the differential linewidth measurement at a frequency offset of 10 -20 GHz from linecenter; therefore the collisional frequency shift produces less than l%%uo error in the linewidth measurement.
A potentially larger source of error is the deviation of the transition wings from a purely Lorentzian shape. In
Ref. [13] we discuss the error resulting from some Doppler contribution to the wings and estimate that this error is &2% for the largest value that we measured, hvl /hvD =0.5. We also considered the effect that multiple isotopes and hyperfine structure have on the line shape. We constructed a composite Voigt line shape for the 5s 'S0~5s5p P& transition using the isotope shifts and hyperfine constants found in Refs. [21, 22] . The Since calcium is 97% Ca [23] , the 4s 'So~4s4p P, transition can be accurately treated as a single line. Finally, there may be an error due to a deviation of the line shape from Lorentzian, especially at the highest densities of our measurement. We noted that at buffer-gas pressures of a several hundred torr, satellite peaks started to appear, and for this reason we limited the gas pressure to a maximum value of about 100 torr. At high buffer-gas pressures the simple impact model that we employ may not be appropriate for describing the interaction between colliding atoms and so this technique is limited to linewidth measurements where the line shape can be accurately described by a Voigt or Lorentzian function. Based upon plots such as shown in Fig. 4 , we believe that a simple Lorentzian function is still accurate at the highest be'er-gas density of our measurements and that any error based upon this assumption is small.
IV. DISCUSSION
As an additional means of validating our experimental results, we compared the measured broadening cross sections to those predicted by simple classical broadening models. For the case of foreign gas broadening, the spectral broadening cross section is given by [24] 0 =2m f [1 -cosy(p)]pdp, (13) where ri(p) is the phase change of the classical radiating oscillator caused by a collision which occurs at an impact parameter p. The phase change is defined as ri(p) = -f V(R)dt, (14) where V(R) is the interaction potential and the interaction distance R is assumed to be R =p -(vr ) (15) corresponding to a straight line trajectory for the perturbing atom. Transforming phase change into an integral involving distance, we have (16) For broadening by a foreign gas, we will assume that the interaction between the atoms is described by the Lennard-Jones [25] We recall that the dipoledipole interaction coefticient C6 is given by the expression [28] C, =e'a, &r, ', ), (21) where a is the polarizability of the perturbing atom, and ( rf, ) is the difference of the quantum mechanical expectation value of r for the final and initial levels of the emitting atom:
The integral expression for the dimensionless number B(a) must be solved numerically for a given value of a. where we have defined (18) For this form of the interaction potential, the phase shift is given within the impact approximation by [26] 
